The characterization of the T-cell receptor (TCR) repertoire of CD4+ regulatory T cells (T R ) have been limited due to the RNA degradation that results following permeabilization and fixation as routinely used for intracellular staining of Foxp3. In the present study the clonal composition of human umbilical cord blood (UCB) and adult peripheral blood mononuclear cells (PBMC) CD4+ T R and non-T R was characterized by a DNA-based multiplex PCR which allowed for the consistent clonotypic characterization of cells that have undergone fixation and permeabilization. To validate this method, CD8+ T cells from two HLA A*0201 individuals were sorted and compared clonotypically based upon their ability either to secrete interferon-in response to a CMV pp65 epitope or to bind to the corresponding pMHC I tetramer. In the UCB and PBMCs clonotypes shared between the CD4+CD25+Foxp3+ and CD4+CD25+Foxp3− was observed in all 3 UCB and in one adult PBMCs, suggesting that naïve and memory CD4+ T R can share the same clonotypes as CD4+ non-T R in humans.
Introduction
In recent years CD4+CD25+ T cells have been recognized as an integral part of the cellular immune system, providing regulatory functions in tumor-specific, autoreactive and alloimmune responses in animal models and in humans (Edinger et al., 2003; Trenado et al., 2003; Curiel et al., 2004; Ehrenstein et al., 2004; Viglietta et al., 2004; Viguier et al., 2004) . Expression of the high affinity IL-2 receptor chain (CD25) has served as a phenotypic surface marker for these CD4+ regulatory T cells (T R ) (Sakaguchi et al., 1995) . However, in isolation, this discriminator has proven insufficient because CD25 is expressed as a consequence of activation in non-regulatory CD4+ T cells. More recently, the identification of T R cells has been better defined by expression of the forkhead family transcription factor P3 (Foxp3), which is required for the development and function of these cells (Hori et al., 2003; Ramsdell, 2003) . Foxp3 identification, either by real time PCR or by flow cytometry using Foxp3-specific monoclonal antibodies (Roncador et al., 2005) has permitted a more accurate segregation of regulatory and non-regulatory T cells within the CD4+CD25+ subset.
Such analyses do not however define the origin and antigen specificity of human T R cells which remains obscure as does the diversity of their T-cell receptor (TCR) repertoire. To examine these issues in more detail in humans, we aimed to assess and compare the clonal composition of CD4+CD25+ T R and non-T R cell populations identified by flow cytometry.
The identification of CD4+CD25+Foxp3+ cells by flow cytometry requires permeabilization and fixation for intracellular staining (ICS) of Foxp3. Under these conditions RNA is extremely vulnerable to degradation; thus, the integrity of the RNA template is compromised and cannot be used reliably for RNA-based molecular analysis. Thus, a genomic DNA-based PCR that allows for the characterization of T-cell clonotypes in nonviable cell populations is a pre-requisite for the study of T R cell clonality.
As the combinatorial diversity of the T-cell receptor -chain (TCRB) gene is extensive (Arstila et al., 2000) , the design of primers to include all possible rearrangements has been challenging. Towards this goal, the European BIOMED-2 collaborative study developed DNA-based multiplex PCR assays for the detection of rearranged TCRB genes in lymphoproliferative disorders (van Dongen et al., 2003) ; consensus primers including all known functional TCRBV and TCRBJ regions were designed. Based on the experience of the BIOMED-2 collaborative study investigators and others (van Dongen et al., 2003; Du et al., 2006) , we designed and optimized a heminested multiplex PCR assay that allows for consistent characterization of TCRB complementarity determining region 3 (CDR3) sequences in cells isolated on the basis of parameters that are incompatible with cellular viability, such as intracellular cytokine production. This approach was then used to study the baseline clonality of naïve and memory T R and non-T R CD4+ T cells in unstimulated adult peripheral blood mononuclear cells (PBMCs) and umbilical cord blood cells (UCBCs).
Materials and methods

Samples
Adult PBMCs were prepared from venous blood by density gradient centrifugation. UCBCs was provided by the New York Blood Center and were enriched for T cells by negative selection with the MIDI-magnetic cell sorting (Miltenyi Biotec, Auburn, CA, USA) protocol provided by the manufacturer. Frozen PBMCs and UCBC were thawed and washed prior to staining. All PBMC donors gave written permission for their blood to be used for research under Institutional Review Board-approved National Heart, Lung, and Blood Institute stem cell allotransplantation protocols.
Peptide-major histocompatibility complex class I (pMHCI) tetrameric complexes
Tetrameric recombinant pMHCI antigens for the HLA A*0201-restricted CMV pp65-derived epitope (NLVPMVATV; residues 495-503) used in this study were produced as described previously (Hutchinson et al., 2003) . Once prepared, tetramers were stored in the dark at 4°C.
Cell stimulation for CMV responses
HLA A*0201-restricted CD8+ T cells specific for CMV pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] were identified directly ex vivo with cognate fluorescent pMHCI tetramers (Price et al., 2005) and by antigeninduced interferon-(IFN-) expression in parallel experiments, then sorted by flow cytometry. Tetramer stains were performed at 37°C for 20 min as described previously (Whelan et al., 1999) . Antigenic peptide stimulation was performed with PBMCs as previously described (Pitcher et al., 1999; Betts et al., 2000) . Briefly, CMV pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] peptide was used to stimulate cognate T cells in the presence of costimulatory mAbs (anti-CD28 and anti-CD49d; 1 μg/ml final concentration) and brefeldin A (10 μg/ml; Sigma) overnight at 37°C. A negative control (costimulatory mAbs alone) was included in all experiments to quantify spontaneous production of effector cytokines.
Immunofluorescence staining
PBMCs were stained with directly conjugated mAbs specific for surface and intracellular markers (Becton Dickinson Immunocytometry Systems [BDIS] , San Jose, CA) for 30 min at 4°C. Surface stains were performed prior to, and intracellular stains subsequent to, fixation/ permeabilization for 10 min. Cells were washed and resuspended in 1% paraformaldehyde (PFA) in phosphate-buffered saline on completion of the staining procedure except in the case of tetramer-based viable cell sorts. PBMCs stimulated overnight with the pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] peptide were stained with conjugated mAbs specific for CD3, CD4, CD8 and interferon-. CMV-specific CD8+ T cells were identified by surface staining with CMV pp65 [495] [496] [497] [498] [499] [500] [501] [502] [503] tetramer, CD3 and CD8. Unstimulated adult PBMCs and UCBCs were stained with conjugated mAbs specific for CD3, CD4, CD25, and Foxp3 (BioLegend, San Jose, CA). Fluorescein isothiocyanate (FITC), Alexa 488, phycoerythrin (PE), peridinin chlorophyll protein (PerCP), allophycocyanin (APC) and phycoerythrin-Cy5 (PE-Cy5) were used as the fluorophores. FITC, PE and APC were used as fluorophores. BDIS solution was used for the detection of intracellular cytokine and the Biolegend fixation/permeabilization kit was used for the Foxp3 intracellular staining.
Flow cytometric analysis
Four-parameter flow cytometric analysis was performed using a FACSCalibur flow cytometer (BDIS). At least 100,000 live CD3+ lymphocytes were collected for each experimental condition. The list mode data files were analyzed using FlowJo software (Tree Star, Inc., San Carlos, CA).
Flow cytometric cell sorting
All sorts were performed on stained cells fixed with 1% PFA using a FACS Aria (BDIS) or a FACSVantage SE Diva (BDIS) with the exception of tetramer sorted cells which were not fixed. Tetramer binding CMV-specific CD8+ T cells were sorted into RNAlater (Ambion, Austin, TX, USA); CD8+ T cells expressing IFN-after overnight incubation with the pp65 495-503 peptide were sorted into a dry collection tube. Unstimulated adult PBMCs and UCBCs were sorted based upon expression of CD25+ and/or Foxp3+ on CD3+CD4+ gated cells. Three populations were studied in each sample: CD25+Foxp3−; CD25+Foxp3+; and CD25−Foxp3+. A 3-way sort into a dry collection tube was performed and the cell pellets were then frozen at −80°C. Instrument set-up in all cases was performed according to the manufacturer' s instructions. Instrument compensation was performed with antibody capture beads (BD Pharmingen) stained singly with individual antibodies used in the test samples.
RNA-based clonotypic assay
Clonotypes in the tetramer-sorted populations were identified using a strand-switchanchored reverse transcriptase polymerase chain reaction (RT-PCR) that amplifies all expressed TCRB gene products without bias (Douek et al., 2002; Price et al., 2004) . Briefly, mRNA was extracted from the sorted antigen-specific T cells (Oligotex kit, Qiagen, Valencia, CA, USA). Amplification of TCRB CDR3 sequences was performed by using a modified version of the SMART procedure (switching mechanism at the 5′ end of RNA transcript) to generate cDNA followed by a template-switch anchored RT-PCR with a 3′ Cregion primer. The PCR product was gel purified and ligated into the pGEMT Easy vector (Promega, Madison, WI, USA) and used to transform Escherichia coli. Individual colonies were selected, amplified by PCR with M13 primers, and then sequenced to obtain TCRB CDR3 sequences.
Multiplex DNA-based clonotypic assay
The consensus primers for the multiplex PCR were based on the BIOMED-2 Concerted Action and were designed to cover all functional TCRBV and TCRBJ gene segments and to be compatible with multiplex PCR reactions (van Dongen et al., 2003) . In order to minimize primer dimerization and allow for amplification of CDR3 sequences from low cell numbers, we designed an external set of TCRBJ primers and performed a heminested touchdown PCR. These primers were tested with all 23 TCRBV and internal TCRBJ primer set to ensure that primer dimerization or cross-priming did not occur. The final primer set was divided into 3 tubes: tube A contained all 23 TCRBV and 6 TCRBJ primers (1.1 -1.6); tube B contained all 23 TCRBV and 4 TCRBJ primers (2.1, 2.3, 2.4 and 2.5); and tube C contained all 23 TCRBV and 3 TCRBJ primers (2.2, 2.6 and 2.7). The TCRBV and TCRBJ primers used for each PCR reaction are shown in Table 1 . This approach allowed for a significant reduction in primer dimerization and crosspriming, as well as a substantial decrease in nonspecific amplification. Specific bands of 250-300 bp in size that contained TCRB CDR3 sequences were consistently obtained. Sorted T cells were lysed in 100 μg/mL proteinase K (Boehringer, Indianapolis, IN) for 1 hr at 56°C and then 10 min at 95°C. PCR conditions were as follows: 1 × HiFi Buffer, 3mM MgSO 4 , 200 μM dNTPs, 0.056 U platinum Taq HiFi DNA polymerase (Invitrogen, Carlsbad, CA) and 10 pmol of each primer in a final volume of 50 μL. Touchdown PCR was run with the following cycling conditions: 95°C for 30 sec, 68°C for 30 sec for 2 cycles; 95°C for 30 sec, 65°C for 30 sec and 68°C for 30 sec for 3 cycles; 95°C for 30 sec, 60°C for 30 sec and 68°C for 30 sec for 30 cycles. All samples were preactivated for 5 min at 95°C. The product of the first PCR was purified (Qiagen, Valencia, CA) and used as a template in the second PCR. The final PCR product was purified, ligated and transformed as detailed above for the RNA-based clonotype assay. PCR conditions and cycling parameters were identical for both PCR reactions. For clonotype classification the International Immunogenetics Information System (IMGT) nomenclature is used (Lefranc, 2004) .
Results
Validation of the multiplex PCR
The development of a reliable multiplex PCR for TCRB gene rearrangements would enable clonotypic analysis of T cell populations where the integrity of the RNA is compromised such as in cells subjected to intracellular staining protocols or when amplicon size is small as in archived formalin-fixed tissue. Towards this goal, we developed a heminested multiplex DNA-based PCR as described in Materials and Methods. To validate this assay, we examined the functional antigen-specific CD8+ T-cell repertoire recruited in two CMV seropositive HLA A*0201+ individuals after stimulation with the CMV pp65 495-503 peptide and flow cytometric sorting on the basis of IFN-expression using the multiplex PCR. In tandem, we sorted viable CD8+ T cells of the same specificity identified physically with the corresponding pMHCI tetramer and examined clonality according to the well established RNA-based strand-switch RT-PCR protocol (Figure 1 ). In our experience, CD8+ T cell responses to this pMHCI antigen are generally oligoclonal (Price et al., 2005) and this system thus provides a rigorous test of assay specificity. Within each individual, the clonotypes identified in the CD8+ T cell populations specific for CMV pp65 495-503 using these two distinct approaches were highly comparable (Table 2) . In separate experiments, unstimulated PBMCs were analyzed using the multiplex PCR and a polyclonal repertoire was observed as expected (data not shown). Furthermore, the TCRBJ genes identified in tubes A, B and C corresponded only to the respective TCRBJ primers added to each PCR reaction; thus, only TCRBJ 1.1 -1.6 were present in the PCR product from tube A, only TCRBJ 2.1, 2.3, 2.4 and 2.5 were present in tube B, and only TCRBJ 2.2, 2.6 and 2.7 were present in tube C.
Repertoire of Foxp3 CD4+ T cells in adult PBMCs and UCBCs
Three separate sets of unstimulated adult PBMCs and three UCBCs were analyzed for Foxp3 and/or CD25+ expression in CD4+ T cells by flow cytometry (Figure 2 ). At least 1,000 cells were sorted from each of the following CD4+ T cell populations: CD25+Foxp3−, CD25+Foxp3+ and CD25−Foxp3+. A 250-300 bp band was obtained for all sorted populations following the heminested PCR, as illustrated in Figure 3 . Repertoire analysis of all 3 sorted populations both in the UCBCs and adult PBMCs demonstrated substantial diversity and polyclonality. Molecular clonotyping data from each of the sorted populations from UCBCs are shown on tables 3-5 and of PBMC are shown on Tables 6-8 . Although all the populations analyzed were polyclonal, the same clonotype was identified at least once in the CD25+Foxp3− and CD25+Foxp3+ sorted cells from all 3 UCB samples and in one of the 3 adult PBMC samples (Table 9 ).
Discussion
The mechanism of immune suppression by CD4+ T R cells is poorly understood but it appears to be antigen-independent with a requirement for cell-cell contact (Sakaguchi, 2004) . However, the clonal composition of CD4+ T R cells and their corresponding antigen specificity remains obscure. The basis for the identification CD4+ T R cells by flow cytometry has been the high level of CD25 expression by these cells. Although the CD4+CD25 hi T cell subset include the majority of Foxp3+ cells, CD4+ T R cells can express no or low levels of CD25 and recent studies have suggested that the downregulation of the IL-7 receptor (CD127) or the isolation of CD45RA + naïve CD4+CD25 high may serve as a discriminator between T R and non-T R CD4+ T cells (Hoffmann et al., 2006; Liu et al., 2006; Seddiki et al., 2006) without the need for ICS. However, the CD127 molecule may be downregulated upon T-cell activation and therefore, a consensus in which surface marker(s) can reliably and consistently identify human T R is lacking. Thus, the expression of Foxp3 by ICS remains the most precise method for the flow cytometric identification of CD4+ T R cells.
The study of the clonal composition of human CD4+ T R has been hampered by unreliable methods for the identification of these cells and by methodological limitations which prevented the reliable characterization of TCRB CDR3 region of permeabilized and fixed cells. In mice the repertoire of CD25+ and CD25−CD4+ T cells has been shown to be equally diverse with minimal overlap of TCR sequences between the two populations (Hsieh et al., 2004; Hsieh et al., 2006) suggesting that regulatory and non-regulatory CD4+ T cells in the mouse originate in the thymus as separate lineages. In humans the clonal composition of CD4+ T R has not been characterized clonotypically, but clonal homology between T R and non-T R CD4+ T cell subsets was addressed indirectly in a recent study where similar expansions in V 2 was observed in CD4+CD25− and CD4+CD25 hi subsets and in the CD4+Foxp3− and CD4+Foxp3+ subsets after stimulation with CMV lysate (Vukmanovic-Stejic et al., 2006) .
Previously published methods for DNA-based PCR approaches are time-consuming, require multiple tubes with panels of family-specific primers or use highly degenerate consensus primers which limit the number of detectable rearrangements (Rosenberg et al., 1992; Kneba et al., 1995; Assaf et al., 2000; Du et al., 2006) . Our initial experience with the method proposed by the BIOMED-2 investigators was confounded by frequent primer dimerization and amplification of non-specific products, some of which were observed within the expected size range for true TCR amplicons. These problems occurred particularly in cases where the number of analyzed cells was low, posing additional limitations for certain applications. To overcome these issues, we developed a heminested approach and resolved problematic primer combinations with the addition of a third PCR tube; these modifications significantly improved the methodology allowing for a more efficient PCR reaction with elimination of primer dimerization and non-specific bands.
As reliable antibodies for the identification of Foxp3 expression by flow cytometry became available recently, we chose to use our modified DNA-based multiplex PCR to analyze the TCR repertoire of CD4+CD25+Foxp3+ cells in UCB and adult PBMC; CD4+CD25+Foxp3− and CD4+CD25−Foxp3+ populations were analyzed in parallel as comparators. Our data show that the repertoire of unstimulated CD4+ T R cells in UCB and PBMCs is highly polyclonal and that, on occasion, the same TCRs can be expressed in both CD4+CD25+Foxp3+ and CD4+CD25+Foxp3− populations. The latter observation suggests an ontogenetic relationship between the CD4+CD25+Foxp3+ and CD4+CD25+Foxp3− populations that might relate to separate differentiation pathways after encounter with the same cognate antigen or to a common origin in the thymus. Further studies of antigenspecific CD4+ T cells are required to distinguish between these and other possibilities.
In summary, we have developed a practical and reliable multiplex DNA-based PCR for TCRB gene rearrangements that can be used to examine the clonal composition of T cell populations in which the RNA has been degraded. The power of this technique was illustrated with a comprehensive assessment of unmanipulated CD4+ T R cell clonality directly ex vivo both in adult PBMCs and in UCBCs. While the resultant data reveal marked polyclonality in these CD4+ T R cell populations, potential relationships to other peripheral blood T cell subsets were also revealed.
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